Aim: Assess vascular indices of 7-10 week embryos using three-dimensional power Doppler (3DPD) and correlate them with the crown-rump length (CRL). Methods: This cross-sectional study included 65 healthy pregnancies between 7 and 10 weeks. The three-dimensional volume of the embryo was obtained using an endocavitary volumetric transducer and the VOCAL (Virtual Organ Computer-aided Analysis) method, with a 128 rotation angle and 15 sequential planes. The vascularization (VI), flow (FI) and the vascular and flow (VFI) indices were obtained using 3DPD and the mean, median, standard deviation, maximum and minimum values were calculated for each gestational age. Pearson's correlation coefficient (r) was used to evaluate the correlation between vascular indices and CRL. Results: The VI ranged from 0.77 to 41.67, mean 14.68 ("8.60), the FI went from 25.71 to 139.50, mean 90.61 ("21.51) and the VFI from 0.20 to 81.57, mean 15.69 ("12.42). The correlation between CRL and all 3D power Doppler vascular indices was low (VI -rs-0.073, Ps0.566; FI -rs0.173, Ps0.168 and VFI -rs-0.004, Ps0.974). Conclusion: 3D power Doppler vascular indices in 7-10 week embryos do not correlate with CRL.
Introduction
Ultrasound is useful to assess embryological development and thus monitor pregnancy and detect early signs of obstetric pathologies w14x. It is now possible to obtain detailed information on embryonic development using transvaginal probes w11x.
It has been demonstrated that two-dimensional ultrasound (2DUS) is less accurate than three-dimensional ultrasound (3DUS) in the volumetric evaluation of irregularly shaped objects w26x. This is especially relevant for 1 st trimester pregnancies due to the irregular shape of both the gestational sac and embryo. Blass et al. w5x developed a method that used multiple bi-dimensional planes for the three-dimensional reconstruction of the human embryo. Aviram et al. w2x recently published a reference curve for the volume of 6-12 week embryos using the VOCAL (Virtual Organ Computer-aided Analysis) method. This method offers the possibility of modifying contours in one plane, thus improving final volume accuracy w24x.
Through the recent introduction of three-dimensional power Doppler (3DPD) to obstetric sonography, it is now possible to quantitatively assess blood flow to the placenta w22, 30x and fetal organs w6, 7x. Three-dimensional power Doppler is better than conventional color Doppler in the evaluation of low-velocity blood flows, such as occurs in the intervillous space during the 1 st trimester of pregnancy w29x. Through 3DPD it is possible to study the vascular architecture of the embryo and to quantify blood flows using the vascular index (VI) and the vascular flow index (VFI) w16x.
The aim of this study was to evaluate vascular indices of healthy pregnancies using 3DPD and correlate these with the crown-rump length (CRL) of embryos between 7-10 weeks of gestational age.
Methods
A prospective cross-sectional study involving 65 healthy pregnant women (at 7-10 weeks' gestation) was performed between November 2005 and March 2007. The study was approved by the Ethics Committee (protocol number 1492/06) of Sã o Paulo Federal University (UNIFESP) and all participants gave written informed consent.
All participants were low-risk patients managed at UNIFESP prenatal clinic. The inclusion criteria were: (1) singleton pregnancy with a live embryo; (2) gestational age -10 weeks; and (3) no history of vaginal bleeding in the index pregnancy. Ges- tational age was calculated according to the first day of the last menstrual period and confirmed by sonographic crown-rump measurement performed before the 10 th week. The exclusion criteria were: (1) women with any chronic diseases (diabetes, hypertension, auto-immune conditions) and (2) smokers or drug users in the index pregnancy.
Examinations were performed at the 3DUS unit of the Obstetrics Department of UNIFESP, by two operators (JBF and LCR), both with three years of experience in obstetric 3DUS. One of two pieces of equipment was used for scanning: a SONOACE 8000Live or an Accuvix XQ (Medison, Seoul, Korea), both equipped with multifrequential endocavitary volumetric transducers. All off-line analyses of 3DPD vascular indices were done by a single operator (JBF). Each patient was examined only once.
First a 2-dimensional real-time ultrasound was performed to assess CRL, mean gestational sac diameter (arithmetic mean of 3 the largest diameters) and embryonic heart rate. The Virtual Organ Computer-aided Analysis (VOCAL) method was used to obtain embryonic volumes. After switching to the 3D mode, the region of interest (ROI) box was positioned over the embryo and the scanning angle was set at 308, with a normal scanning speed (automatic volume acquisition in 4 seconds). After scanning, the embryo was automatically displayed on the monitor as three simultaneous orthogonal perpendicular planes (axial, sagittal and coronal). The sagittal plane was magnified 50% and arbitrarily chosen as the reference plane. The image of the embryo was moved to the center of the plane and rotated around the Yaxis, so that the largest axis of the embryo was displayed horizontally. Then the VOCAL switch was activated using a 128 rotation angle and the manual trace setting. Calipers were positioned on the superior and inferior extremities of the embryo and after obtaining 15 sequential planes, the equipment automatically displayed the reconstructed image and its volume in cm 3 . The following settings were used for the 3D power Doppler: average frame (10), penetration frequency (low); enhance (1), reject (8), gain (50), frame average (2), sensitivity (15), density (on), balance (16), scale (1.5 kHz) and filter (1). After activating the VOCAL shell histogram switch, the equipment automatically displayed the 3DPD indices (VI, FI and VF1) ( Figure 1 ).
The VI is expressed as a percentage and identifies the number of colored voxels in the ROI, which is an estimate of the number of vessels within that tissue. The flow index (FI) is the average color value of all the color voxels, and it shows the average blood flow intensity. The vascularization flow index (VFI) is the average color value of all the gray and color voxels of the sphere and represents both blood flow and vascularization.
In this study, the thermal index throughout the examination period ranged from 0.6 to 0.7 and the maximum mechanical index was 0.3. These values are within the safety limits for Doppler established by the European Committee for Radiation Safety w9x and by the American Institute of Ultrasound in Medicine w1x.
All pregnancies were followed up to the 22 nd week. Cases with fetal structural malformations detected during the anatomy scan as well as those that resulted in gestational losses were excluded.
All data were collected on an Excel spreadsheet (Microsoft, USA) and the software SPSS 13.0 for Windows (SPSS Inc, Chicago, IL, USA) was used for statistical calculations. Maternal age, gestational age and parity are presented as means, medians, standard-deviation (SD), minimum and maximum values. Power Doppler vascular indices are presented as means, SD, minimum and maximum for each gestational age. Pearson's correlation coefficient (r) was used to assess the correlation between vascular indices and CRL. Significance was established at P-0.05.
Results
A total of 74 women were initially enrolled. Two were excluded because thermal indices were over 1.0 and 7 were excluded because of poor quality of the volumes obtained, due to transmission artifacts, which precluded the evaluation of vascular indices. The 65 remaining participants constituted the study population and all reached the 22 nd week of pregnancy with live fetuses. Maternal age ranged from 20 to 41 years (30.1"5.8), the number of previous pregnancies was 1 to 9 (2.3"1.7), gestational age ranged from 7 to 10 weeks (8.7"1.0) and CRL ranged from 9.0 to 39.7 mm (23.94"7.95). The VI ranged from 0.77 to 41.64 (14.68"8.60 ), the FI ranged from 25.71 to 139.50 (90.61"21.51 ) and the VFI ranged from 0.20 to 81.57 (15.69"12.42) . Table 1 presents the mean, SD, median, maximum and minimum values for the vascularization indices according to gestational age.
Pearson's correlation coefficient (r) for CRL and vascular indices (VI, FI and VFI) ranged from -1 to 1. The P-value for the correlation coefficient indicated a null hypothesis, that is rs0. The non-significant P-values ()0.05) indicated a lack of correlation between these two parameters. As depicted on Figures 2, 3 and 4, there was a low correlation between power Doppler vascular indices and CRL (rs0.073, Ps0.566 for VI; rs0.173, Ps0.168 for FI and rs-0.004, Ps0.974 for VFI).
Discussion
Various first trimester sonographic parameters such as yolk sac w8x, embryonic heart rate w4x and gestational sac growth w23x have been linked with adverse pregnancy outcomes.
Since 3DUS allows tracing of the external surface, it is more accurate than 2DUS in evaluating the volume of irregularly shaped objects and it has been previously used to assess several 1 st trimester structures, such as the gestational sac w18x, amniotic fluid w12x and yolk sac w28x. Blass et al. w5x developed a program (Vingmed EchoPAC-3D software) that enabled the three-dimensional reconstruction of embryos through US manual tracing of multiple parallel 2-dimensional planes. Aviram et al. w2x used the VOCAL method with a 308 rotation to evaluate the volume of 72 embryos and fetuses between 6 and 12 weeks of gestation and reported a strong correlation between this volume and the CRL (rs0.939). According to these authors, while the volume increased 35 times, CRL increased only 4.5 times. This suggests that volume may be a better parameter than a single longitudinal measure to evaluate embryonic growth during the 1 st trimester. We used the VOCAL method to measure the volume of the embryo because this method is more accurate than the multiplanar method to assess the volume of irregular objects w25x. Moreover, the VOCAL method offers the possibility of modifying the contours in one plane, which increases the accuracy of the final volume w24x. The SonoView Pro software (Medison, Seoul, Korea) offers 308, 188 and 128 rotation angles. In this study we decided to use the 128 rotation and trace 15 planes. Raine-Fenning et al. w25x measured the volume of differently shaped and sized objects and reported that measures obtained with a 68 rotation angle were more reproducible than other techniques, except for the 98 rotation, and significantly more accurate than the measures obtained with a 308 rotation angle. Using an endometrium-like experimental model, Martins et al. w19x reported that measures obtained using the VOCAL method with a 158 rotation angle (12 planes) were reproducible and accurate.
The color and brightness of the image exhibited in the power Doppler mode reflect the total energy of the Doppler signal. This type of Doppler is angle independent, detects low velocity flows and avoids the aliasing effect of conventional color Doppler studies. Power Doppler is able to detect low resistance blood flows in small structures, such as occurs in the intervillous space w17x. Yu et al. w30x evaluated vascularization of 100 placentas between 20 and 40 weeks using the VOCAL method with a 308 angle and manual surface tracing and reported that all 3D power Doppler vascular indices were strongly correlated with gestational age (rs0.84 for VI, rs0.49 for FI and rs0.82 for VFI). Mercé et al. w22x proposed a new technique to assess placental vessels using 3D power Doppler, which they named placental biopsy. This technique uses the VOCAL method to obtain a sphere of the placenta, as a representative sample of the whole placenta. According to these authors, all indices were correlated with gestational age. The FI exhibited the highest correlation (rs0.58; P-0.001) while the VI had the lowest correlation (rs0.29; Ps0.025).
The reproducibility of the 3D power Doppler indices depends on the technique used to obtain the volume of interest. Mercé et al. w21x measured the volumes of 30 placentas using a technique called ''placental biopsy'' and calculated the intraobserver variability. According to these authors, all vascular indices had a correlation above 0.85 and the flow indices had the highest intraobserver agreement. For the embryo, where volumes are obtained through the outline of the external surface, the VOCAL method has also been shown to have good intraand inter-observer reproducibility for the estimation of the fetal trunk and head volumes, obtained through the outline of external surfaces between 11q0 to 13q6 weeks w10x.
There is only one previous publication evaluating 1 st trimester embryonic vascularization using 3DPD. In that study, Kurjak et al. w16x evaluated 25 embryos between 5-7 weeks of pregnancy using the VOCAL method with a 308 rotation and reported no correlation between CRL and 3DPD vascular indices (R 2 s0.02 for VI and R 2 s0.01 for VFI). The VI and VFI remained practically unchanged during the whole study period. These authors concluded that under physiological conditions of vasculogenesis, there is equilibrium between vascular demand and offer.
The present study involving 65 embryos between 7-10 weeks of age, confirmed the findings of Kurjak et al. w16x . There was a low correlation between 3DPD vascular indices and CRL (rs0.073, Ps0.566 for VI; rs0.173, Ps0.168 for FI and rs-0.004, Ps0.974 for VFI). These findings support the theory proposed by Kurjak et al. w16x that there would exist a homeostasis between the vascular offer and the embryonic demand at 7-10 weeks of pregnancy.
The study of embryonic vascularization using 3DPD is justifiable because placental development and embryonic organogenesis, critical events of pregnancy, are highly dependent on angiogenesis w13, 15x and take place during the first trimester of gestation. Abnormal placental or embryonic vascularization has been associated with early embryonic loss w3, 20x. Since placental angiogenesis is directly related to embryonic blood flow and there is only one previous publication on this subject w16x, we aimed to evaluate the potential application of 3DPD in the estimation of embryonic vascularization. The low correlation between the 3DPD vascular indices and CRL observed in the present study contradicts physiological phenomena that take place during embryonic development and cannot be explained on physiological grounds. It has recently been reported that fetuses with trisomy 13 and 18 have reduced placental vascular indices between 11 and 13q6 weeks, compared to normal fetuses w27x. Further studies need to investigate whether young aneuploid fetuses have reduced vascular indices compared to normal fetuses.
In conclusion, we have shown that 3DPD is a simple and practical method that can be performed between the 7 th and 10 th week of pregnancy to evaluate quantitavely the vascular development of the embryo. More studies are needed to confirm the applicability of 3DPD in pregnancies at risk for early loss.
